Vibration rolling (VR) has emerged as a self-myofascial release (SMR) tool to aid exercise performance when warming up. However, the benefits of VR on exercise performance when combined with dynamic muscle contraction are unclear. The purpose of this study was to investigate the immediate effects of the combination of VR with dynamic muscle contraction (DVR), VR, and static stretching (SS) during warm-up on range of motion (ROM), proprioception, muscle strength of the ankle, and agility in young adults. In this crossover design study, 20 recreationally active adults without musculoskeletal disorders completed three test sessions in a randomized order, with 48 h of rest between each session. Participants completed one warm-up intervention and its measurements on the same day; different warm-up interventions and measurements were performed on each of the three days. The measurements included ankle dorsiflexion and plantarflexion ROM, ankle joint proprioception, muscle strength, and agility. After DVR and VR intervention, ankle dorsiflexion ROM (both DVR and VR, p < 0.001), plantarflexion ROM (both DVR and VR, p < 0.001), plantar flexor muscle strength (DVR, p = 0.007; VR, p < 0.001), and agility (DVR, p = 0.016; VR, p = 0.007) significantly improved; after SS intervention, ankle dorsiflexion and plantar flexion ROM (dorsiflexion, p < 0.001; plantar flexion, p = 0.009) significantly improved, but muscle strength and agility were not enhanced. Compared with SS, DVR and VR significantly improved ankle plantar flexor muscle strength (p = 0.008 and p = 0.001, respectively). Furthermore, DVR significantly improved ankle dorsiflexion compared with VR (p < 0.001) and SS (p < 0.001). In conclusion, either DVR, VR, or SS increased ankle ROM, but only DVR and VR increased muscle strength and agility. In addition, DVR produced considerable increases in ankle dorsiflexion. These findings may have implications for warm-up prescription and implementation in both rehabilitative and athletic practice settings.
Introduction
The ankle joint is the most common site of injury in active individuals [1] . The risk of acute lower extremity injuries can be reduced through warm-up regimens [2] . In addition, an individual's exercise 3 of 12 The secondary outcomes were assessed using ankle joint proprioception, muscle strength, and agility tests.
Materials and Methods

Participants
The study protocol was approved by the Kaohsiung Medical University Hospital Institutional Review Board (KMUHIRB-F(I)-20190061). Twenty male students (age: 21 ± 1.01 year, body mass: 68.45 ± 9.82 kg, height: 172.9 ± 6.04 cm; body mass index: 22.8 ± 2.54). The inclusion criteria were recreationally active adults aged 20-40 years without any musculoskeletal disorders in the 6 months before the study. "Recreationally active" was defined as performing exercise approximately 2-3 times per week [30] . The exclusion criteria were cardiovascular or respiratory diseases, contraindications to exercise (e.g., neuromusculoskeletal injury or lower back pain), muscle strain and ligament sprain, joint instability or laxity in the lower extremity, head or spinal injury, and visual, vestibular, or balance disorders 6 months before the study. All participants were informed regarding the benefits and risks of this study, and written informed consent was obtained from all participants.
Study Procedures
This study was a crossover study. Tests performed by each participant were assessed in a laboratory at the Department of Sports Medicine, Kaohsiung Medical University. Prior to the assessment session, participants underwent a familiarization session in which they were instructed on how to perform DVR, VR, and SS exercises. During this orientation, participants were familiarized with the procedures and practiced with the assessment tools and equipment of the study. One day after the familiarization session, each participant completed three test sessions in a randomized order, with 48 h of rest between each session (Figure 1) . A researcher prepared randomly shuffled cards (A card: DVR; B card: VR; and C card: SS) and sealed each card in an opaque envelope. Each participant drew an envelope and opened the envelope to discover the exercise assignment. Participants were requested to avoid strenuous activities 24 h before each test session. Upon arriving at the laboratory, they were asked to perform heel up and down exercises 10 times in two sets before the pretest in each test session [26, 31] . Subsequently, participants were assessed by flexibility tests (i.e., ROM of ankle dorsiflexion and plantarflexion), isokinetic strength and ankle joint proprioception tests, and a figure-8 hop test. After completion of pretest assessments, each participant drew a randomly shuffled card that specified one of three interventions (DVR, VR, or SS), then performed that intervention for a 4-min session. The protocols for these exercises are provided later in detail. Immediately after the intervention, posttest assessments were conducted in the same order as pretest measures. Participants completed one warm-up intervention and its measurements on the same day; different warm-up interventions and measurements were performed on each of the three days. The flowchart of the experimental design is shown in Figure 1 .
Outcome Measures
Primary Outcomes
The angle of ankle dorsiflexion and plantarflexion in the supine position was measured using a plastic goniometer, which is commonly used by clinical practitioners [32] . Participants were asked to actively dorsiflex and plantar flex their ankle as much as possible. The average measurement of two trials was recorded. In this study, intraclass correlation coefficients (ICCs) were 0.921 (dorsiflexion) and 0.955 (plantar flexion), indicating excellent test-retest reliability. In addition, the minimum detectable change (MDC) value was calculated as 1.27 • (dorsiflexion) and 1.00 • (plantar flexion), corresponding to the standard error of measurement (SEM) of 0.46 (dorsiflexion) and 0.36 (plantar flexion). 
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Secondary Outcomes
Ankle joint proprioception, muscle strength, and agility were assessed. Regarding ankle joint proprioception tests, the Biodex isokinetic dynamometer (Biodex System 3 Pro, New York, NY, USA) was used to measure ankle joint proprioception and ankle muscle strength [33] . For the ankle joint proprioception test, participants sat in an upright position on the Biodex dynamometer chair with their torso, right thigh, and right ankle stabilized by straps to minimize compensatory body movements. The right ankle was positioned on the dynamometer. Each participant wore an eye mask to eliminate the visual feedback input ( Figure 2 ). Next, participants actively moved their ankle to the target angle of 30° of plantar flexion for 5 s to memorize the position and then returned to 0° of the 
Ankle joint proprioception, muscle strength, and agility were assessed. Regarding ankle joint proprioception tests, the Biodex isokinetic dynamometer (Biodex System 3 Pro, New York, NY, USA) was used to measure ankle joint proprioception and ankle muscle strength [33] . For the ankle joint proprioception test, participants sat in an upright position on the Biodex dynamometer chair with their torso, right thigh, and right ankle stabilized by straps to minimize compensatory body movements. The right ankle was positioned on the dynamometer. Each participant wore an eye mask to eliminate the visual feedback input ( Figure 2 ). Next, participants actively moved their ankle to the target angle of 30 • of plantar flexion for 5 s to memorize the position and then returned to 0 • of the ankle neutral position. Participants were asked to move their ankle to that angle again through active contraction without being able to see their ankle; participants reached the target angle and then stopped. The average of three tests was recorded. The difference (absolute error) between the setting and reproduced angle (perceived angle) was recorded as the index of proprioception. Isokinetic ankle muscle strength measurements were conducted with participants in the same position, but the eye mask was removed. Participants were asked to actively perform ankle dorsiflexion and plantar flexion as fast as they could two times at a set angular velocity of 60 • /s. The peak torque in N·m was recorded using Biodex software, and the highest torque value was used in statistical analysis. The peak torque was normalized to body weight.
Regarding agility assessment, we used the figure-of-8 hop test as an agility test [34] . Reliability for this test was excellent, with an ICC of 0.95 (SEM, 1.66 s) [35] . In this test, participants hopped twice as quickly as possible around a 5-m course on the test foot in a figure 8. The time taken for a participant to complete two circuits of the figure 8 was measured using a stopwatch, and the best time of two tests was recorded. In this study, ICC was 0.988, indicating excellent test-retest reliability. In addition, the MDC value was calculated as 0.2 s, corresponding to the SEM of 0.07. 
Exercise Protocols
DVR Exercise
Participants performed VR using a vibrating foam roller (dimensions: 36 × 20 × 15 cm 3 ; weight: 1.8 kg) that comprised a vibration generating motor surrounded by an expanded polypropylene foam outer shell (Vyper By Hyperice, Irvine, CA, United States). First, participants positioned their right feet in the assigned position and subsequently put as much of their body weight as possible on the vibrating foam roller (frequency: 28 Hz), which is within the range of the effect of the musculoskeletal system [25] . Thereafter, they performed 30 s of moving back and forth at 40 beats per minute using a metronome while actively performing dorsiflexion and plantarflexion of their ankle ( Figure 3 ). Subsequently, the same exercise was performed on the left foot, with 10 s of rest in between. Each exercise was performed three times. Regarding agility assessment, we used the figure-of-8 hop test as an agility test [34] . Reliability for this test was excellent, with an ICC of 0.95 (SEM, 1.66 s) [35] . In this test, participants hopped twice as quickly as possible around a 5-m course on the test foot in a figure 8. The time taken for a participant to complete two circuits of the figure 8 was measured using a stopwatch, and the best time of two tests was recorded. In this study, ICC was 0.988, indicating excellent test-retest reliability. In addition, the MDC value was calculated as 0.2 s, corresponding to the SEM of 0.07.
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VR Exercise
The exercise protocols were the same as those used for the DVR exercise, except without actively performing ankle dorsiflexion and plantarflexion.
Static Stretching
Participants performed plantarflexion in the standing position, slowly stretching the target muscle to the point of discomfort for 30 s and then performing the same exercise with the other foot. Each stretching exercise was performed three times.
Statistical Analyses
All data analyses were performed using SPSS, version 19 (Chicago, IL, USA). Data are presented as mean ± standard deviation (SD). Data were observed visually and statistically for normality (Shapiro-Wilk's test, p > 0.05), and all variables were normally distributed. Descriptive statistics were performed for the characteristics of participants. If the sphericity assumption was violated in Mauchly's sphericity test, the Greenhouse-Geisser adjustment was used to correct the degrees of freedom. A 2 (time: pretest vs posttest) × 3 (condition: DVR vs VR vs SS) ANOVA was performed to examine the effects of different conditions on dependent variables. If a significant condition by time interaction was found, then a full analysis of simple main effects was conducted. If a significant (p < 0.05) effect was observed, one-way ANOVA with Bonferroni correction for post hoc test was conducted. The effect size (Cohen's d), which is the difference between pretest and posttest means divided by their common SD, was calculated and interpreted as small (d = 0.2), medium (d = 0.5), or large (d = 0.8), to present the magnitude of the effect [36] . In addition, the change in value from pretest to postintervention was calculated. The significance level (α) was considered as p < 0.05.
A priori sample size calculation based on anticipated differences in ankle dorsiflexion ROM as the primary outcome was estimated based on an anticipated large effect (effect size = 0.7) between pretest and postintervention. The calculation was based on an alpha level of 0.05 and a desired statistical power of 80% using G*Power [37] . The minimum sample size was 15 patients per group. In addition, assuming a dropout rate of 10% [38] , we enrolled 20 participants.
To confirm that ROM measurements were greater than the measurement error, the MDC value was calculated. To calculate MDC, SEM was first calculated using the following formula: SEM = SD × √
(1-ICC), where SD is the standard deviation of scores from the first test and ICC is the test-retest ICC. Subsequently, MDC was calculated using the following formula: 1.96 × √ 2 × SEM [25] .
Results
The results of all outcomes are presented in Table 1 and Figure 4 . The exercise protocols were the same as those used for the DVR exercise, except without actively performing ankle dorsiflexion and plantarflexion.
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Statistical Analyses
To confirm that ROM measurements were greater than the measurement error, the MDC value was calculated. To calculate MDC, SEM was first calculated using the following formula: SEM = SD × √ (1-ICC), where SD is the standard deviation of scores from the first test and ICC is the test-retest ICC. Subsequently, MDC was calculated using the following formula: 1.96 × √2 × SEM [25] .
Results
The results of all outcomes are presented in Table 1 and Figure 4 . 
Ankle ROM Outcomes
For ankle dorsiflexion ROM, the condition × time interaction (p < 0.001) was significant, indicating a difference in group and time interventions. All groups showed significant improvement in post hoc test measures (p < 0.01) compared with pretest measures. In addition, compared with groups in change values, DVR showed more significant improvement than VR (p < 0.001) and SS (p < 0.001).
For ankle plantarflexion ROM, the condition × time interaction (p < 0.001) was significant, indicating a difference in groups and time interventions. All groups showed significant improvement in post hoc test measures (p < 0.01) compared with pretest measures. In addition, compared with groups in change values, DVR showed significant improvement compared with SS (p < 0.001).
Joint Proprioception Outcomes
For the knee joint proprioception test, the condition × time interaction (p = 0.909) was not significant. Compared with preintervention measures, no significant differences (DVR, p = 1.00; VR, p = 0.659; SS, p = 0.924) were noted. In addition, compared with groups in change values, no significant differences (p = 1.00) were noted.
Muscle Strength Outcomes
For ankle dorsiflexion peak torque, the condition × time interaction (p = 0.248) was not significant. No significant differences were observed in all groups (DVR: p = 0.724, VR: p = 0.131, SS: p = 0.081) in comparison with pretest measures; additionally, compared with groups in change values, no significant difference (p = 0.766) was noted.
For ankle plantar flexion peak torque, the condition × time interaction (p < 0.001) was significant, indicating a difference in groups and time interventions. DVR (p = 0.007) and VR (p < 0.001) significantly improved post hoc test measures compared with pretest measures. In addition, compared with groups in change values, both DVR (p = 0.008) and VR (p = 0.001) showed significant improvement compared with SS; however, no significant difference was observed between DVR and VR (p = 0.99).
Agility Outcomes
For the figure-of-8 hop test, the condition × time interaction (p = 0.323) was not significant. Compared with preintervention measures, a significant difference was observed in DVR (p = 0.016) and VR (p = 0.007); compared with groups in change values, no significant difference (DVR vs VR: p = 1.00, DVR vs SS: p = 0.631, VR vs SS: p = 0.68) was observed.
Discussion
This is the first study to investigate the immediate effects of VR combined with dynamic muscle contraction as a warm-up protocol on the ankle ROM, proprioception, muscle strength, and agility. Regarding the effects on ankle ROM, both DVR and VR significantly improved ankle dorsiflexion ROM and plantar flexion; in addition, DVR more significantly improved dorsiflexion ROM than VR (p < 0.001). These interventions provided comparable short-term outcomes; this is supported by previous studies [23, 27] . This beneficial result may be attributable to (a) mechanical remobilization of the fascia back to its normal aligned state through SMR, and in response, soft-tissue compliance considerably increased to enable longer muscle length [39] and (b) reciprocal inhibition effects [40] . During DVR, active joint motion (i.e., alternative dorsiflexion and plantarflexion) through agonist muscle contraction may improve the effects on the antagonist tissues through modulation of muscle activity by reciprocal inhibition and other neurological pathways [14, 41] . Similar findings have been reported for dynamic stretching and proprioceptive neuromuscular facilitation techniques, which possibly use similar neurologic pathways [42, 43] . Regarding the effect on ankle proprioception, we found that participants had comparable outcomes for the ankle joint reposition error after DVR, VR, and SS. In summary, this study provided the first data validating that DVR and VR (28 Hz, 30 s × 3 sets on both calf muscles) do not cause ankle proprioception changes (i.e., joint reposition angle error), which is a key factor of the increased high risk of ankle sprain injury.
Next, our study revealed that both DVR and VR significantly improved ankle plantar flexor peak torque. This finding may be because VR results in the additional transmission of mechanical oscillations to the leg, which affects physiological systems such as muscle spindles, ligament proprioceptors, and joint mechanoreceptors (e.g., the Golgi tendon) [44] . Therefore, vibrations induce high activities at the muscle belly, potentially increasing the number of motor units being recruited [28, 45] . Concurrently, dynamic muscle contraction may increase blood flow [29] , which may boost muscle contraction activity and further modulate activity of the antagonistic muscle through reciprocal inhibition to increase flexibility [14] , thereby increasing muscle strength. However, in the current study, DVR and VR did not significantly increase ankle dorsi flexor peak torque. The reason may be that tonic nociceptive stimuli resulting from SMR and VR may result in inhibitory responses from the motor cortex, resulting in both ipsilateral and contralateral inhibition [46] .
Lastly, this study revealed the outcomes of the agility test after DVR and VR; this is the first study to test the efficacy of DVR and VR. We found that both DVR and VR significantly improved agility (DVR: 2.53%, VR: 1.98%), but did not significantly improve following SS. Agility is strongly related to muscle strength, speed, reaction, power, and coordination. According to the movement of the figure-of-8 hop test, the strength of the ankle plantar flexor was the most significant; therefore, we further used Pearson correlation to analyze the correlation between agility and plantar flexor strength. The results revealed a significant negative correlation (r = −0.626, p = 0.003), which might be the reason for the improvement in agility after DVR or VR.
Currently, there is no consensus on the optimal VR technique including vibration frequency and combination of rolling techniques (i.e., coupled with active joint motion during rolling). This study has some limitations that should be investigated in the future. First, this study was performed only in healthy individuals. Second, the vibrating roller was implemented at only one frequency (28 Hz); other frequencies may result in different outcomes. Third, muscle activity (e.g., electromyography) was not performed. Fourth, rolling techniques may have generated different outcomes if other muscle groups were tested. Fifth, the intensity of rolling techniques was not investigated. Different applied loadings of body weight on the target muscle during FR could have generated different outcomes [47].
Conclusions
After DVR and VR intervention, there was a significant improvement in ankle dorsiflexion and plantarflexion ROM, plantarflexor muscle strength, and agility. SS significantly improved ankle dorsiflexion and plantar flexion ROM, but did not enhance muscle strength and agility. These findings may have implications for athletes, coaches, or researchers as they suggest that performing DVR or VR increases ankle ROM, muscle strength, and agility. Therefore, practitioners may consider prescribing DVR or VR interventions as warm-up exercises when increasing ROM, muscle strength, or agility, or changing direction performance is urgent. Moreover, DVR resulted in a considerable increase in ankle dorsiflexion. Therefore, we suggest performing DVR on bilateral calf muscles immediately prior to competition because it increases ROM, which might be advantageous for improving immediate exercise performance. This information may also be useful in designing a suitable DVR prescription, and its implementation in rehabilitative and athletic practice settings. In summary, DVR appears to be a beneficial warm-up protocol to enhance exercise performance. Practitioners may consider DVR for designing more efficient and effective preperformance routines to improve exercise performances. DVR has high potential to translate into an on-field practical application. Nevertheless, further studies are required to determine the optimal warm-up regime and to compare the effects of these warm-up protocols among subjects with musculoskeletal disorders (e.g., acute or chronic ankle injuries).
